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Abstract

Nd-modified lead-zirconate-titanate (PNZT) thin films were deposited on MgO(100), Si(100)
and Al2O3(1102 ) single-crystal substrates using the pulsed-laser-ablation technique with a
XeCl excimer laser. The post-annealing heat-treatment technique was used for the
crystallisation of the films. The structural characterization, microstructure and the chemical
composition of the thin films and of the ceramic Pb0.97Nd0.02(Zr0.55Ti0.45)O3 targets after ablation
were studied using x-ray diffraction, scanning electron microscopy and energy-dispersive x-
ray spectroscopy, respectively. The formation of the particulates on the target surface during
the ablation process and the effect of the particulates on the quality of the thin films were
studied. Typically, the ferroelectric PNZT thin films for the capacitor structures were deposited
at the laser-beam fluence of around 1.0 J/cm2 and annealed at the temperatures from 600 to 700
°C. The dielectric and, especially, the polarization properties and the residual macroscopic
stress state of the PNZT thin films were studied. The relationship between the electrical
properties of the films and the nature of the stress state was also investigated.

The average growth rate of the PNZT films increased linearly with increasing laser-beam
fluence above the threshold value of around 0.4 J/cm2. The composition of the PNZT films
varied strongly with the deposition laser-beam fluence and annealing temperature. The phase
structure of PNZT films ablated from Pb0.97Nd0.02(Zr0.55Ti0.45)O3 targets could be adjusted between
tetragonal and rhombohedral structures by changing the incident laser-beam fluence on the
target surface. The surface of the target after ablation was covered by the laser-cone structure
and the topmost layer of the target was amorphous having TiO2 and ZrO2 structures with
separate segregated lead droplets.

On MgO substrates, values of the relative dielectric constant εr from 430 to 560 and of the
remanent polarization Pr of the order of 18 µC/cm2 were achieved in PNZT films which were
under a compressive stress of the order of 300 MPa. On silicon substrates, εr was around 100
and the polarization properties of the films were modest due to a strong tensile stress of the
order of 400 MPa. The Poole-Frenkel conduction mechanism with the activation energy of
around 0.2 eV was found responsible for the leakage conductivity in the capacitor structures
with PNZT films.

Keywords: PZT film, ferroelectric film, perovskite phases, Poole-Frenkel mechanism
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1. Introduction

1.1. Laser-assisted material processing

Soon after the invention of the ruby laser in 1960, the first theoretical and experimental
studies concerning the interaction between laser light and solid material and the
evaporation of the material into the form of thin film were published [1, 2]. Although the
laser facilities were quite robust with a low output power of unstable radiation at that
time, the fundamental process of laser-assisted material evaporation and laser-ablation
deposition could be performed. Also, the very complex nature of the physical and
chemical reactions on the surface of the material being exposed to the intense highly
oriented coherent and monochromatic beam of photons was revealed. However, due to the
modest laser technology and to the fast development and extensive research work in the
fields of other thin-film deposition methods, including sputtering technologies as well as
molecular-beam epitaxy (MBE), quite little effort in the research work on laser-ablation
technique as a method for thin-film deposition was made until the technique was utilized
successfully in the deposition of high-Tc superconductors by Venkatesan in the late
1980’s [3]. During the last ten years, there has been a fast development both in the theory
of ablation process and experimental methodology as well as in the field of lasers and
deposition-equipment technology. Also, a large variety of materials, including single-
component materials along with multicomponent semiconductors and dielectrics, have
been deposited successfully using laser-ablation deposition technique.

Lasers can be divided into different subgroups according to the principal type of
operation and construction. From the material processing point of view, the solid-state
lasers, like the Nd:YAG and the ruby laser, and gas lasers, like the helium-neon (HeNe),
the argon-ion laser, the XeCl excimer laser used in this work, and high-power CO2 lasers
are the most important types. In addition, however, semiconductor lasers are making great
contributions to the fields of low-power telecommunication applications, optical
computation and information technology as well as in surface diagnostics and optical
range-finder and displacement-measurement technology, just to mention a few of their
numerous applications. The remaining types, liquid lasers, chemical lasers, colour-center
lasers, free-electron lasers and x-ray lasers, have more significance in the field of scientific
research rather than in practical applications [4].
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Material processing using laser beams is always based on reactions taking place in the
surface layer of the target material due to the interaction between the electromagnetic
waves and the atoms and electrons. Typically, these reactions involve extensive heating
and evaporation of the surface leading to consequent chemical or physical reactions in the
surface, thus altering the structure of the material in some desired way, perhaps by
initiating a chemical reaction between the target material and surrounding gas or liquid
phase, or simply by removing and ablating the target material away. The cutting and
drilling of various materials like ceramics and single-crystal substrates, metal foils etc.
and the trimming of the thick-film resistors which are screen printed on hybrid circuits are
good examples of the material-removal processes utilizing laser-beam evaporation. In
addition, the laser-initiated etching of material in some appropriate precursor or ambient
gas atmosphere represents one more sophisticated technique of material removal [5]. On
the other hand, on almost any kind of substrate including single crystals, polymers etc.,
placed in a specific gas atmosphere containing copper, like Cu(hfac)(TMVS) mixed in H2
carrier gas [6], it is possible to initiate a growth of highly-conductive copper thin film by
laser-induced chemical-vapour-deposition (LCVD) process. In this process, the control of
properties and the patterning of the copper thin film can be done quite accurately by
varying the properties of the incident laser beam and the gas atmosphere. This method can
be utilized for depositing submicron-range conductor lines in integrated circuits with
conductivity properties close to that of bulk copper [6]. In an analogous manner,
conductive gold stripes can be deposited from organo-metallic solutions in liquid phase
exposed to laser beam scanning across the wet substrate surface [7]. In addition to apply
lasers to material-removal processes or, vice versa, to deposit new layers of materials on
different substrates as discussed above, laser-assisted annealing can be used to refine the
surface of a semiconductor substrate containing lattice defects or to crystallise, for
example, the laser-ablation deposited BaTiO3 thin film on MgO substrate [8, 9].

In the pulsed laser deposition, short and intense laser pulses are used to evaporate and
ablate the surface of the desired target material. Typically, ablation is done using UV-
wavelength lasers due to their high absorption coefficient for a large variety of materials.
The most common laser type is the excimer gas laser with a wavelength from 151 to 351
nm depending on the selected gas mixture, or frequency-tripled or -quadrupled Q-switched
Nd:YAG lasers with wavelengths of 355 and 266 nm, respectively. In this work, all the
laser-ablation deposition was carried out using XeCl excimer gas laser with a wavelength
of 308 nm and a pulse duration of around 20 ns. These laser pulses have a peak power of
the order of 108 W and, with appropriate optical manipulation and focusing, are capable of
evaporating practically any kind of material. At low-pressure conditions, the evaporation
leads to the formation of an adiabatically expanding plasma that is mainly composed of
neutral atoms and various ionized and neutral species of the target material which can be
collected onto a substrate to form a thin film. The main advantages of the laser-ablation
technique include experimental simplicity, the capability of evaporating materials with a
high melting point and the ease of stoichiometric deposition of multicomponent
compounds like PNZT. However, the formation of large particulates, i.e., splashing, and
the nonuniform film-thickness distribution are the main problems involved in laser-
ablation deposition.
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1.2. Applications of ferroelectric PZT thin films

Ferroelectric lead-zirconate-titanate (PZT) ceramics in the form of thin films have been
studied intensively for various applications over the past few years. Their electrical and
electromechanical properties, such as a remanent polarization, a high dielectric constant,
piezoelectricity, strong electro-optic and acousto-optic effects and pyroelectricity offer a
wide variety of applications in microelectronics and micromechanics.

Lead-zirconate-titanate ceramics, Pb(ZrxTi1-x)O3, can be thought of as a solid solution
of the PbTiO3 and PbZrO3 with a perovskite ABO3 crystal structure with Pb2+ ions in A
sites, Zr4+ and Ti4+ ions in B sites, and oxygen octahedra formed by O2- ions around the B
cations. Below the composition-dependent Curie temperature, from about 230 °C for
PbZrO3 to 490 °C for PbTiO3, PZT ceramics actually have five different phases, including
antiferroelectric orthorhombic and tetragonal crystal structures in Zr-rich compositions,
ferroelectric rhombohedral (trigonal) high- and low-temperature phases in lower Zr
compositions, and a tetragonal phase in compositions with still higher Ti contents.
Above the Curie temperature, PZT ceramics are always in the paraelectric cubic structure
[10]. The phase boundary between the ferroelectric rhombohedral (trigonal) and tetragonal
phases, with the value ofx ≈ 0.53, is known as the morphotropic phase boundary (MPB)
which is very important for the electrical and mechanical properties utilized in the
component applications. Actually at the MPB, both phases are in thermal equilibrium in
the ceramics and in the composition range of 0.49≤ ≤x 0.64 the phases form a
coexistence region, where PZT ceramics possess an increased capability of polarization
and thus a high electromechanical coupling coefficient [11].

Fig. 1. The phase diagram of PZT ceramics. The morphotropic phase
boundary (MPB) is seen as a straight vertical line between the
ferroelectric rhombohedral high-temperature phase (FR(HT) ) and tetragonal
phase (FT) with the value x≈0.53 in Pb(ZrxTi 1-x)O3 [10].
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From the application point of view, the modification of PZT ceramics with rare-earth
elements like Nd3+ (PNZT) and La3+ (PLZT), substituting Pb2+ ions in A sites, further
improves the properties of the ceramics. The phase diagram of PZT ceramics is shown in
Fig. 1.

The ferroelectric nonlinear polarization effect with nonzero remanent polarization and
hysteresis is utilised in nonvolatile ferroelectric random-access (FERAM) memory
applications. In the capacitor structure, the direction of the remanent polarization is set by
the last polarising electric field, e.g., 5V for a film with a thickness of 300 nm. In the
dielectric material between the electrodes, the polarization state can be deduced from the
amount of the charging current directed to the subsequent electric field, e.g., 3V for the
300-nm film, thus determining the state “1” or “0” for the individual memory cell [12,
13]. On the other hand, inverse piezoelectric phenomena causing elongation or shrinkage
under an external electric field, depending on the mutual orientation of the field and the
remanent polarization of the PZT material, can be exploited in various multilayer-stack or
mono- and bimorph-type actuator applications generating accurately controlled movement
from a few nanometers up to several hundreds of micrometers. This is useful, for
example, in advanced atomic-force microscopy (AFM), photolithography systems for
semiconductor manufacturing process and light-beam deflectors [VI, 14, 15]. Due to their
pyroelectric effect, PZT thin films, especially those with Zr-rich compositions, are found
to be sensitive when used in infrared temperature and motion sensors and are, for example,
used as detector elements in alarm systems [16, 17]. In addition to the group of
applications utilizing the piezoelectric effect in PZT ceramics, different kinds of devices
based on the surface-acoustic waves (SAW) in film surfaces can be used for RF signal
filtering in telecommunication applications, for the optical manipulation of light beams,
and for gas detection and analyses, just to mention a few applications [18]. Also, the
many excellent optical properties of La-modified PZT (PLZT) thin films, such as their
high transmittance and low reflectance, together with their strong electro-optic Kerr effect,
i.e., the change of the refractive index ∆n which is proportional to the square
of the applied electric field E2, are used in fast optical shutters, modulators and
waveguides [19, 20, 21].

1.3. Motivation and outline of the thesis

The swift development in the field of ferroelectric materials, e.g., Pb(ZrxTi1-x)O3, BaTiO3

and SrTiO3, which are used for novel microelectronics and micromechanics devices in the
form of thin films produced by various thin-film deposition methods, including
sputtering, chemical vapour deposition (CVD) and the sol-gel technique, has also initiated
an intensive research of the laser-ablation deposition of ferroelectric films [22, 23, 24].
The laser-ablation deposition technique has some advantages over the aforementioned
techniques, e.g., the simplicity of the experimental set-up, the high reproducibility of the
multicomponent target composition in the thin films and the capability of evaporating
materials having high melting points. However, it has also some disadvantages, like the
splashing effect. Still, the laser-ablation deposition of ferroelectric thin films, especially
PZT thin films, has been extensively studied in order to deposit in-situ epitaxial or
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highly-oriented thin films. This is mainly due to the excellent polarization properties of
these films utilized in nonvolatile ferroelectric memory applications. However, the
properties of the post-annealed laser-ablated PZT thin films have not been studied so
extensively. The goal of the experimental research in the thesis was to study the pulsed
laser deposition of ferroelectric Nd-modified PZT thin films alone and in metal-insulator-
metal capacitor structures with Pt thin-film electrodes on different single-crystal
substrates. In order to restrict the extent of the research suitable for a thesis, a process was
taken on the basis of an earlier experience where deposition is made in vacuum on
unheated substrates and, then, the necessary post annealing of films gives some
possibilities for the control of their composition and structure. The main objects in the
research were:

1. The development of the laser-ablation deposition technique for producing high-
quality PNZT thin films for applications in microelectronics and micromechanics. This
includes experimental research on the fundamental properties and phenomena of the
ablation process in order to study the behaviour of the composition of PNZT thin films
as a function of the ablation parameters like laser-beam fluence in the room-temperature
ablation process, and as a function of post-annealing heat treatment. E.g., the basic
mechanisms of particulate generation in the ablation process together with methods for
the reduction of particulate formation were to be studied. As a result, optimised ablation
conditions were to be found and to be used in the deposition of metal-insulator-metal
(MIM) capacitor structures.

2. The electrical properties of the PNZT thin films in the capacitor structures on
different substrates were to be studied in order to gain understanding of the role of
substrate for the dielectric and ferroelectric polarization properties as well as for the
electrical conduction properties and mechanism of polycrystalline PNZT films in these
structures. In particular, macroscopic residual stresses together with their effects on the
electrical and mechanical properties of films on different substrates were studied in detail.
Also, electromechanical properties of the piezoelectric PNZT-film devices were to be
characterized and the factors affecting the performance of these devices were to be
investigated by using a bimorph actuator as an example device.

The thesis is composed of two parts, where the first part, i.e., Papers I, II and III,
deals with the laser-ablation process itself, with the characterization of the thin-film
growth process, and with the compositional and structural properties of post-annealed
PNZT films (Papers I and III). The generation of particulates, the splashing effect, and the
phenomena in the target surface during laser ablation are studied in Paper II. The second
part, i.e., Papers IV, V and VI, concentrates on the experimental characterization of the
electrical properties of Pt/PNZT/Pt capacitor structures on silicon, MgO, and sapphire
substrates, especially taking into account the effect of the macroscopic residual stress state
in the multilayer structure of thin films (Papers IV and V). In Paper VI, a piezoelectric
bimorph actuator as an example of laser-ablated PNZT-film applications is presented and
studied.



2. Laser-ablation deposition technique

In the pulsed laser deposition with UV lasers, one takes usually advantage of a short and
intense laser pulse to both evaporate and ablate the surface of a desired target material. The
laser-ablation process is used in this thesis to describe this process. Pulsed laser ablation
(sputtering) without any evaporation is also a possibility to remove material from the
target surface. At low-pressure conditions, the laser-ablation process leads to the
formation of an adiabatically expanding plasma that mainly consists of neutral atoms and
various ionized and neutral species of the target material [25]. This plasma expands in the
direction perpendicular to the target surface and can be collected onto a substrate to form a
thin film a short distance away from the target. In the case of oxide materials like PNZT,
the film growth can be carried out mainly by two different methods. The so called in-situ
process involves substrate heating and an oxygen gas atmosphere in the ablation chamber
leading to a direct crystallization of the ablated species reaching the substrate surface.
Alternatively, ablation can be carried out in a vacuum without substrate heating. In this
case, amorphous as-deposited films can be crystallized with a post-annealing treatment.

An important parameter affecting the deposition of the PNZT thin films using pulsed
laser-ablation deposition is the laser-beam fluence acting on the target surface. The
chemical composition and the crystal structure of the grown films are greatly affected by
the choice of the laser-beam fluence.

2.1. Laser-beam interaction with the target

The underlying mechanism in the process of laser-beam interaction with the target
material is based on the photoexitation of electrons. Different possibilities in this
excitation process include electronic transitions from valence-band states as well as from
the occupied surface and defect states to conduction-band states, leading to the formation
of the electron-hole pairs and excitons. Assuming an initially perfect crystal structure, the
relaxation of these excitations can occur simply through radiative or nonradiative
recombination restoring the system basically to the nondisturbed ground state. On the
other hand, the relaxation process can result in a metastable state in the surface layer of
the material leaving the original surface structure distorted with a number of defects.
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Under these metastable conditions, when the optical absorption properties of the material
are changed and the surface layer of the target consists of a large number of loosely bound
atoms, even a weak photoexcitation can easily create a vacancy and a free atom. When the
excitation process is strong enough to cause direct formation of vacancy clusters and
consequently multiple-emitted atoms in the form of larger uniform clusters (molecules)
and dissociated atoms, the ablation process itself turns on [26].

The exact effective process is, of course, determined by the material-dependent
electronic band structure as well as by the number and energy of the defect states of the
crystal structure. However, the excitation processes can be roughly categorised through
the comparison of the photon energy hν  to the energy gap Eg of the target material.
When hν < Eg, a multiphoton band-to-band transition occurs along a direct excitation of
the lattice vibrations itself and the effective transition cross section is very small, leading
to few transitions. In the case of single-photon transitions, the transition rate is much
greater and the excess photon energy hν – Eg > 0  is quickly transformed into the form of
phonons thus causing the heating of the bulk material [27]. Especially, in the present
case of laser ablation of the PNZT ceramic targets with the energy gap Eg of around 3.6
eV with the excimer laser with a wavelength of 308 nm corresponding to the photon
energy of 4.03 eV, the strong heating and melting of the target material can
be observed even at low laser-beam fluences and the process is described as a thermal
ablation process [26].

In addition to the characteristic properties of the ablation process mentioned above,
one important feature is the existence of the material-dependent threshold laser-beam
fluence Ith. This laser-beam fluence can be determined as a minimum onset fluence to start
the ablation process and is strongly dependent on the target material properties but also on
the properties of the laser pulse. In the case where laser-beam interaction with the target
surface is a thermal ablation process, mainly due to the thermal conductivity and the
radiation losses of the target, the surface temperature obtains the vaporization temperature
Tv at the time tth after the beginning of the laser-beam exposure. Since the laser pulse
length tp is fixed (≈ 20 ns here), a threshold value of the laser-beam fluence Ith is necessary
for a sufficient amount of energy to evaporate the PNZT target surface [28]. Once the
laser-ablation process is going on, the behaviour of the target surface temperature T(x,t)
as a function of time t and depth x from the exposured target surface can be described by
the fundamental heat-flow equation

ρ ∂
∂

∂
∂

∂
∂

α αT C T
T x t

t x
K T

T x t

x
R T D t T T xp( ) = ( ) ( )





+ − ( )[ ] ( ) ( ) − ( )[ ]( )
( , ) ,

exp1 0 ,        (1)

where ρ(T) and Cp(T) are the temperature-dependent density and the heat capacity per unit
mass of the material, respectively. R(T) is the reflectivity and α(T) is the absorption
coefficient of the target at the corresponding wavelength. D0(t) is the time-dependent
power density of the laser pulse and K(T) is the thermal conductivity of the target
material. Typically, the lateral dimensions of the laser-beam spot on the surface of the
target are much greater than the dimension describing the ablation phenomenon in the
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direction x perpendicular to the target surface, and thus the process can be modelled as a
one-dimensional problem [29]. The left hand side in Eq. (1) describes the change of the
thermal energy in unit mass of the material at the point x as a function of time t. The
first part of the right-hand side of the equation defines the contribution of the thermal
conductivity to the thermal energy of the system providing a mechanism for the thermal
energy to exit the system while the second part represents the thermal heat source in the
form of a laser pulse. This equation is typically solved for two different conditions
assuming either a strong thermal diffusion or the adiabatic heating model. Typically, for
the semiconductors and insulators, like the PNZT ceramics, the adiabatic heating model
condition 2( ) /k td p

1 2 1< −α , where kd is the thermal diffusivity, K Cp/( )ρ , and tp is the
length of the laser pulse, is a good assumption [30]. In the adiabatic heating model, the
temperature increase inside the target material is due to direct heating by the laser light
instead of thermal diffusion from the target surface. Thus, the energy of the laser pulse is
mainly absorbed in the thin surface layer of the target. In Eq. (1), the thermal radiation of
the target surface is omitted because of its minor effect on the ablation process.

2.2. Formation and expansion of the plasma

Under the conditions where the laser-ablation process is possible during the time of laser-
beam exposure, a thin plasma layer is formed on the surface of the target as a result of the
interaction between the ablated and evaporated particles and the incident laser beam.
Initially, the particles emitted from the surface of the target form a thin Knudsen
layer where thermal equilibrium among the particles is established through collisions.

Laser beam

Target

Substrate

1

2
3

4

5 1. Laser-beam interaction with target
2. Ablation and evaporation process
3. Formation of the Knudsen layer 
    and the absorption by the plasma
4. Adiabatic expansion of the plasma
5. Thin-film  growth process

Fig. 2. Description of the different steps of the pulsed-laser-ablation
process. In the case of an excimer laser, the pulse duration is around 2 0
ns and the flight time of the particles from target to substrate i s
typically less than 5 µs depending on the laser-beam fluence and f l ight
distance of the particles (Figure not in scale).
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In the first place, the velocity (vx ≥ 0 ) of the particles is perpendicularly pointed out from
the target surface and the velocity distribution obeys Maxwellian distribution for the
particles emitted through thermal ablation and evaporation, but does not necessarily do so
for the emission due to photoexitation [31]. However, as also illustrated in Fig. 2,
quickly after a few collisions, a thermal equilibrium and, thus, the outer boundary of the
Knudsen layer, is reached. A negative velocity component –vx is developed and the high
temperature Tk of the plasma is converted into the form of kinetic energy giving the
plasma a flow velocity uk that always obeys the Maxwell-Boltzmann velocity
distribution. At this point, due to the negative velocity component of the plasma, some
of the particles are repelled back to the direction of the target and a part of the emitted
material re-condenses on the target surface.

During laser-beam exposure, the emitted particles absorb energy from the laser beam
creating a fast expanding plasma. In the beginning of the ablation process and, typically,
near the ablation threshold fluence I th, the plasma is quite transparent and single-photon
ionization processes are mainly responsible for the plasma formation [28]. At higher
fluences and in the plasma already containing sufficient amount of free electrons, the
ionization by the inverse-Bremsstrahlung process due to the collisions between photon
excited electrons and ions in the plasma contributes the primary absorption mechanism.
Also, the dissociation of the clusters emitted from the target surface represent a possible
mechanism for the interaction between the plasma and the incident laser beam [32]. The
interaction between the ejected particles and the incident laser beam also affect the
characteristics of the film-deposition parameters. The absorption of the plasma tends to
increase the laser-beam fluence needed for ablation by preventing laser-beam heating at the
target surface. On the other hand, the shielding of the thermal radiation from the target
surface by the developed plasma also adjust the effect of the laser beam by keeping the
target surface temperature high. However, both of the forementioned phenomena have
only a minor effect on the ablation process, especially, at low laser-beam fluences, and
furthermore, the influence of the different effects are opposite in nature.

The plasma layer is typically quite thin, of the order of 100 µm, compared to the
dimensions of the plasma in the plane of the target surface determined by the spot size of
the laser beam (e.g., 1 mm × 2 mm here). The pressure gradient inside the plasma is
greatest in the direction perpendicular to the target surface [32]. Thus, the adiabatic
expansion of the plasma is fastest in this direction leading to a nonuniform thickness
distribution of the film on the substrate. A typical thickness distribution of the laser-
ablated PNZT thin film obeys a cosine-power law

t t pθ θ( ) = +
max cos ( )3 ,        (2)

where t is the film thickness, θ is the angle measured from the target surface normal at
the centre of the laser spot and tmax is the maximum film thickness typically at θ  ≈ 0
[33]. The exponent p can be considered as a quality factor describing the flatness of the
deposited thin film. The plasma generated by the laser-ablation process is thus composed
of neutral and ionized atoms, molecular species, electrons and large, nanometer-scale
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particulates. After the formation of the plasma and during the adiabatic expansion, the
reactions of the particles inside the plasma and the interactions of the plasma with the
possible ambient gas also affect the structure and composition of the growing thin film.
Typically, in the case of PNZT ablation plasmas, the large aggregates containing lead
tend to decompose favouring the formation of monoatomic and monoxide ions, i.e., Pb+,
O+, Ti+, Zr+, Ti2+, TiO+, ZrO+, and PbO+ [34]. According to measurements with the
Faraday-cup technique, the time-of-flight (TOF) spectra of the particles inside the PNZT
ablation plasma obey quite accurately the Maxwell-Boltzmann distribution for the most
probable velocity, i.e., flow velocity. At fluences of 0.67 J/cm2, for example, the flow
velocities are typically from 24.3 to 37.5 km/s [35, 36]. The flow velocities also
increased linearly with an increasing laser-beam fluence due to the increasing plasma
temperatures. However, an accurate determination of the particles in the ablation plume
can hardly be done without mass spectrometry measurements.

2.3. Particulate formation at the target surface

In addition to the neutral and ionized atoms, molecular species and electrons, also up to
micrometer-scale particulates are generated in the laser-ablation process. The formation of
these particulates impairs the surface morphology and quality of the growing thin film.
The particulates are formed and ejected when the laser beam interacts with the molten
surface layer of the target. The existence of the particulates (see Fig. 4) impairs the
properties of the thin-film structure, especially for optical applications [37]. The
explosions of the molten target surface due to the superheating of the subsurface layer and
a rapid expansion of gas pores buried below the target surface inside a ceramic
polycrystalline target are considered to be the most important mechanisms responsible for
the particulate formation [38, 39]. On the other hand, the formation of a laser-cone
structure on the target during a pulsed-laser deposition process generates large-scale
particulates on the growing thin-film surface. In the case of metal targets, hydrodynamic
sputtering has been considered to be a mechanism responsible for the particulate
formation [40]. Particulate number density (PND) is calculated by the equation [41]

PND
At k

n
f

i
i

k

= ∑
=

1
1

,   (3)

where A is the counting area, ni is the number of particulates in the area A, k is the
number of the separate areas and tf is the film thickness. The PND value in Eq. (3)
actually gives the ratio of the average number of particulates on the unit area of the film
surface and the film thickness tf. The dependence of the PND on the target density is
assumed to relate also to pores inside the sintered ceramic PNZT targets. The amount of
the pores decreases with the increasing density of the PNZT ceramics and thus the amount
of the particulates from the explosions of the pores under the target surface decreases.
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Changes in the chemical composition of the PNZT target surface during ablation
promote surface segregation and the development of new compounds and phases. XRD
and EDS studies have revealed that new compounds are formed in a surface layer of the
target as a result of changes in the chemical surface composition caused by differences in
the evaporation rates of the elements. On the other hand, the surface segregation of certain
elements and the fast cooling rate of the molten target surface after laser-beam exposure
further promote a formation of amorphous structures and unstoichiometric compounds.
These new compounds and phases in the surface layer which have higher melting points
than that of the bulk target prevent the etching of the underlying layers of the target in the
ablation process [42]. Thus, the etching of the target surface becomes nonuniform and
laser-cone structure starts to develop in the target surface. Once the formation of the laser-
cone structure is initiated, the laser-beam fluence dilution in the steep walls of the
individual laser cones further strengthens the effect. A typical laser-cone structure on the
PNZT target surface after local and scanning laser-beam ablation is shown in Fig. 3. In
the case of local laser-beam ablation, the target and the laser beam are kept at fixed
positions, whereas in the case of scanning ablation process, the laser beam is scanned
across rotating target surface, as descriped in detail in the section 4.2.1.

a) b)

Fig. 3. The laser-cone structures on the surface of PNZT targets after
(a) local ablation with 50 laser pulses and (b) scanning ablation wi th
2000 pulses.

The off-axis laser-deposition technique where the surface of substrate is in
perpendicular position to the surface of target, and mechanical velocity filters, i.e.,
shutters preventing slow particulates to reach the substrate, are probably the most
effective methods introduced in order to minimize the number of particulates on the
growing film surface [37, 43]. However, in the case of pulsed-laser-ablation deposition,
no method has yet been demonstrated which totally prevents the formation of particulates
on the growing film surface and, at the same time, maintains the idea of deposition with a
directed stream of high-velocity particles.
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2.4. Growth and structure of thin films

The formation of the thin film begins as soon as the edge of the ablation plume reaches
the substrate and the first species hit its surface. The actual mechanism of the film-growth
process depends strongly on the conditions present in the ablation chamber, but also on
the ablated material characteristics. In addition to the laser-beam fluence at the target
surface, also the choice of the substrate material and temperature, as well as, the ambient
gas atmosphere have a significant effect on the crystal structure and surface morphology
of the growing thin film. Thus, the film deposition with the laser-ablation process can be
divided into the post-annealing heat-treatment process and in-situ process according the
specific growth parameters.

In the post-annealing process, as is done through the experiments in this work, the
thin film itself is grown using a simplified process, where the substrate is kept at room
temperature, and the chamber is evacuated to the pressure of around 10-5 mbar without any
background gas. Under such conditions, the thermal energy on the substrate surface is
typically too low to initiate the nucleation process and thus the resulting films are
amorphous, containing also particulates that might have some crystal structure
originating from the target surface [44]. On the other hand, the most important parameter
affecting the composition and the structure of the thin film during the ablation process is
the laser-beam fluence. In the case of room-temperature substrates, the deposition is not
so sensitive to the pulse repetition rate. The main effect from the distance variation
between the target and substrate was found in the average growth rate (see Fig. 8 on page
37) and in the thickness distribution of films. Especially at higher fluences, the atomic-
size particles or even particulates having a high kinetic energy can also re-evaporate the
film surface on the substrate and thus further impair the flatness of the thin-film
surface [45].

Fig. 4. AFM micrograph of the amorphous as-deposited PNZT thin f i lm
with the thickness of 388 nm. The film was deposited at laser-beam
fluence of 1.0 J/cm2 using 37500 laser pulses. The height of the largest
particulates is about 1 µm .
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In order to achieve PNZT films with the desired crystal structure, a subsequent annealing
process is needed typically at temperatures from 600 to 900 °C. The annealed films are
always polycrystalline and the grain size is dependent on the annealing temperature and
time and also on the atomic ratio of titanium and zirconium, Ti Zr/ [46]. In titanium-rich
PZT films, the nucleation of the grains starts more easily and the number of grains is
much higher and the grains are smaller compared to those in zirconium-rich films. The
crystallization of the amorphous film proceeds so that the film first forms a pyrochlore
phase at temperatures between 400 and 500 °C. Then, at higher temperatures, the upper
face of the film starts to crystallise in some ferroelectric phase of perovskite PZTs, and
the crystallization emerges deeper into the film during the annealing process [46]. An
AFM micrograph of an amorphous PNZT film surface is shown in Fig. 4.

In the case of the in-situ deposition process, the substrate is heated up to temperatures
from 550 to 750 °C and the chamber is partially filled with oxygen gas in order to ensure
sufficient nucleation energy for direct crystal growth during the film-deposition process
starting from the substrate surface. An appropriate choice of the substrate with the lattice
constants close to those of PZT promotes the growth of high-quality epitaxial thin films.
Also, by varying the oxygen pressure, substrate temperature and laser-beam fluence, the
properties of the film can be varied, e.g., from epitaxial to polycrystalline film [44, 47].

Although the surface of the as-deposited amorphous film contains a large number of
particulates, as seen in Fig. 4, the final surface morphology of the film is also affected by
the thermal treatment procedure. In post-annealed PNZT films most of the particulates
coalescence with the growing grains of the film at elevated annealing temperatures and the
surface topology of the film is mainly determined by the shape and size of the grains and
grain boundaries instead of particulates [I, II]. On the other hand, in the case of the in-situ
deposition process, some of the particulates may react with the growing film immediately
and particulates with a weak binding energy dissociate into the atoms thus forming a flat
surface [41].



3. Some properties of Nd-modified PZT thin films

3.1. Dielectric properties

Remanent polarization is the most important parameter describing the ferroelectric
properties of PNZT thin films. The maximum remanent polarization for pure
Pb(ZrxTi1-x)O3 bulk ceramics at room temperature is 47 µC/cm2 in trigonal crystal
structure with x =  0.56 [48]. In epitaxial and highly-oriented thin films, remanent
polarization values very close to the maximum value can be reached [49]. However, as
shown in Fig. 5(b), in polycrystalline thin films the value of the remanent polarization Pr

is smaller (≤  30 µC/cm2) and the hysteresis loop is rounded usually with higher values
of the coercive field Ec (≤  150 kV/cm). Typically, the maximum values of the relative
dielectric constant εr of around 900 and the piezoelectric coupling factor kp of 0.6 can be
found in pure compositions with x ≈  0.53 at the morphotropic phase boundary  between
tetragonal and trigonal phases. However, these values can be greatly varied by a proper
modification of the PZT ceramic with rare-earth elements such as La and Nd.

a) P

E

Pr

Ec

b) P

E

Fig. 5. Typical polarization hysteresis loops (a) of ferroelectric PZT
bulk single crystal or epitaxial thin film and (b) of polycrystall ine
ceramic or thin film. The dashed line in (a) represents the linear
polarization response of simple dielectrics [48].
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3.2. Conductivity mechanisms in PZT dielectrics

The pure ferroelectric Pb(ZrxTi1-x)O3 bulk ceramics with compositions near the MPB
show p-type electronic conductivity due to nonstoichiometry. High values of conductivity
impair the dielectric and piezoelectric properties of the ceramics. The poling process
becomes difficult and the PZT samples with high conductivity have rounded sluggish
hysteresis loops due to the space-charge response out of phase relative to the alternating
external electric field [48]. Also, high dielectric losses and overheating of samples even at
low frequencies are typical problems in PZT ceramics with high extrinsic conductivity.
However, the substitution of trivalent lanthanide ions like La3+ and Nd3+ for Pb2+ sites
tends to decrease the p-type conductivity by incorporating excess electrons and thus
compensating the effect of holes.

The current response of the Pt/PNZT/Pt structure on the external electric field
possesses a typical behaviour of metal-insulator-metal (MIM) capacitor. The time
dependence of the current flow in the Pt/PZT/Pt structures can be divided into three
different regions. After the introduction of electric field, a fast-decaying charging current of
the capacitor begins to flow. Next, a stabilised long-term leakage current is observed.
Finally, after a long time period of the order of 100 hours, an electrical degradation of the
PZT thin film leads to a strong increase in the leakage current, causing a destructive
breakdown [50]. Understanding the conductivity mechanism of the stabilised long-term
leakage current gives interesting information, not only about the PZT film itself, but also
about the properties of the interfaces between the electrodes and the film.

At low electric fields, PZT films exhibit an ohmic (linear) conduction with the
resistivity values from 108 to 1013 Ωcm depending on the structure and defects of the film
and also on the substrate and the electrode material and structure. The non-linear behaviour
of the leakage current at electric fields exceeding 50 kV/cm may be governed by space-
charge limited current (SCLC), ionic conduction, Poole-Frenkel emission, Schottky
barrier emission or tunneling. In the case of the SCLC process, the carriers injected from
the electrode form a quite freely-moving space charge due to the reduced conductivity of
the insulator. The trap states which are inside the dielectric decrease the conductivity and
thus the SCLC conduction is a bulk-controlled mechanism and is also dependent on
temperature. Ionic conduction takes place typically at elevated temperatures only due to
the high activation energy (~1-3 eV) needed for the ions or vacancies to move through
crystal structure. In the case of high fields across thin insulating films, Schottky
emission of electrons may occur from the metal-cathode contact into the conduction band
of the insulator (or, in the case of hole injection, from the valence band of the insulator
into the metal cathode). The mechanism has a close resemblance to thermionic emission
of electrons from a heated metal into vacuum. Instead of a high energy barrier (work
function of the metal of around 5 eV) in the thermionic emission, electrons needs only
surmount the smaller energy barrier ΦB at the metal-insulator interface barrier, as shown
in Fig. 6(a). In the case of applied field, a barrier lowering follows from the Schottky
effect, similarly as in the Schottky diode (see Fig. 6(a)). In the case of the Poole-Frenkel
emission, electronic conduction as a bulk-controlled conduction mechanism through an
insulator can occur due to the hopping of the electrons from one trap to another under a
biasing electric field, as described in Fig. 6(b). An internal emission process can transfer
an electron trapped by an impurity level in the insulator band gap to the conduction band
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(or a trapped hole to the valence band). In the case of electrons in Poole-Frenkel emission,
the impurity is viewed as an ionized donor with a hydrogen-like Coulomb potential. The
Poole-Frenkel effect is based on the same lowering of the barrier height by an applied
electric field as the Schottky effect in the case of Schottky emission. Trapped electrons
can escape by thermal activation over the reduced energy barrier (see Fig. 6(b)). Net
current flows due to successive electron jumps between Poole-Frenkel traps. The leakage-
current density is now given by

J A E
kT

E
kT

a PF= −
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,   (4)

where A0 is a constant, E is the electric field, Φa is the activation energy of the electron
in a trap, k is the Boltzmann constant, T is the absolute temperature and βPF is a
coefficient for the Poole-Frenkel emission [51, 52].
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Fig. 6. (a) The image-force ( f e xr= − 2
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216/( )πε ε ) potential barrier φ(x)
with the height ΦB (E=0) and the lowering of the barrier in an electric
field E  for electron injection from a metal with Fermi energy EF  t o
insulator with conduction-band edge E c in the Schottky emission. (b)
Bulk-limited conduction of electrons due to successive jumps between
donor-like traps in the Poole-Frenkel emission mechanism.

The value of the coefficient βPF is obtained from the expression: β πε εPF re= ( / ) /3

0

1 2 ,
where e is the elementary charge, εr is the high-frequency relative dielectric constant, and
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ε0 is the dielectric constant of vacuum [IV]. The first part in Eq. (4), i.e., A E
0

, can be
interpreted as the low-field prefactor for the current density J0. Using the values of J
measured at several tempertures, the activation energy Φa of the Poole-Frenkel conduction
can be estimated. Especially, in the case of PNZT ceramics, the holes participating in the
conduction process are captured by shallow hole traps, Pb3+ ions, with an activation
energy of about 0.25 eV [53, 54]. In electric fields of the order of 100 kV/cm or more, the
Schottky-emission current surmounting the lowered contact barrier of the order of 0.36 eV
for holes in the interface between the Pt electrode and PNZT thin film is also considered
as a possible electrode-controlled-leakage conduction mechanism [51]. A different
behaviour between the Schottky-emission and the Poole-Frenkel-emission mechanisms
can be found by comparing the slopes of the logarithm of the measured current density as
a function of the square root of the electric field at a constant temperature. For the Poole-
Frenkel emission, the slope should be given by βPF kT/  and for the Schottky emission,
by βs kT/  where β βS PF= / 2. The factor of 2 difference between Poole-Frenkel and
Schottky emission arises, since the charge of an ionized donor (or acceptor for holes) in
Poole-Frenkel emission is fixed instead of the moving image charge in Schottky
emission. Conduction by the tunneling mechanism is possible only at very high electric
fields of the order of 100 MV/cm typically achieved only in thin films before dielectric
breakdown.

3.3. Piezoelectric properties

The bimorph actuator structure consists of a bending cantilever element on which
electrodes and thin active PNZT layers are deposited on both sides of the substrate to form
a simple plate-capacitor structure. An inverse piezoelectric effect in a direction
perpendicular to the polarization field is used to create the movement of the free end of the
cantilever element. The micro movement generated by the bimorph actuator can be
utilized in many applications where accurate positioning is needed. For example,
scanning tunneling microscopy (STM), photolithography systems for semiconductor
manufacturing process and light-beam deflectors are typical applications. On the other
hand, the bimorph actuator structure can be used as a motion sensor or accelerometer as
well as a pick-up element for microphones and hydrophones when the charge generated
due the direct piezoelectric effect is utilised.

The inverse piezoelectric effect produces a change in material dimensions under
an external electric field. The magnitude of the elongation is described by the
piezoelectric coefficients dij. In micro-movement-actuator applications, the most
important piezoelectric coefficients are d33, which is utilized for example in plate-stack
actuators where the component displacement parallel to the driven external field is
utilised, and d31, which is utilized especially in the case of the bimorph actuator. In a
bimorph actuator structure, an elastic cantilever beam is used to implement the extension
of the piezoelectric PZT layers in the direction perpendicular to the driven external field
and is thus described by the coefficient d31. Typically, for pure PZT ceramics with a
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composition near MPB, the value of the piezoelectric coefficient d31 is around
54 × 10-12 C/N [55]. Basically, the bimorph structure can be used in two different modes.
If both active layers are driven by an electric field with the same polarity with respect to
the polarization field, the bimorph element will elongate in the direction of its length and
is then used in the transversal mode [56]. In the bending-mode operation, one active layer
is driven with the same polarity and the other with the opposite polarity with respect to
the polarization field causing elongation and shrinkage of the active layers, respectively.
Under such conditions, the cantilever beam is forced to bend. The total displacement of
the actuator free end achieved by transversal-mode operation is much smaller than in the
bending mode but the generated force is greater. In this thesis, realisation of a bending-
mode bimorph actuator is described.

3.4. Biaxial stress in thin films

In the multilayer capacitor structure, the electrical properties of PNZT thin film are also
affected by the substrate material and processing conditions during the fabrication steps.
Especially, the thermal stresses originating from the unequal thermal expansion
coefficients of the substrate and film during heat treatment at temperatures above 500 °C
can lead to a formation of hillocks or cracking in the cases of high compressive and
tensile stresses, respectively. Stresses in thin films are usually considered to be biaxial,
acting only in the plane of the film and relaxed in the direction perpendicular to the
substrate surface. On silicon substrate, for example, both in sputtered platinum electrodes
and in PNZT films deposited by the sol-gel technique, the stresses are found to be tensile
with values of the order of 1 GPa and 100 MPa, respectively [57]. Typically, remanent
polarization decreases and Curie temperature increases with increasing stress.
Furthermore, some electrical properties including a low-field dielectric constant, loss
angle and remanent polarization have been reported to vary as a function of film
thickness [58].

The origin of stresses in thin films is related to the structural changes in the film
during the growth and annealing processes and to the interactions between the film and the
substrate or some other underlying layer. The stress can be divided into three different
groups according to the phenomena causing the stress. Intrinsic stress is generated during
the film-growth process and is strongly dependent on the deposition parameters. Extrinsic
stress arises from the dimensional changes in the film caused by densification,
crystallisation and phase transformations during the heat-treatment procedure. Finally,
thermal stresses are produced during the heat-treatment procedure due to unequal thermal
expansions of the film and the substrate [59]. In this study, the Nd-modified PZT films
were deposited at room temperature and were amorphous after deposition. Moreover, the
films were post annealed in order to achieve the desired crystal structure. Therefore, the
total macroscopic stress in the films can be considered to be a sum of the extrinsic and
thermal stresses. With the analogue to the stress at the surface layer of a bulk material,
the stress component perpendicular to the surface of the film is assumed to be relaxed and
thus only a biaxial stress is acting in the plane of the film.
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The macroscopic residual stress in PNZT films was determined by using the x-ray-
diffraction technique for measuring the shift of a certain reflection peak at 2θ  Bragg angle
of (h0k0l0) crystal planes due to the change ∆d in the lattice-plane distance between
unstressed and stressed crystal structures. The diffraction from separate grains in the thin
film as a function of the tilt angle ψ of the grain with respect to the film surface is
shown in Fig. 7.
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Fig. 7. An illustration of the x-ray diffraction method for measuring the
biaxial stress in a polycrystalline thin film.

Since the PNZT films were polycrystalline, there were grains with certain lattice planes
(h0k0l0) at any position with respect to the film surface. If the biaxial stress σ in the film
has radial symmetry, the relative change ∆d d/ 0  at the distance d0 between the (h0k0l0)
lattice planes at a tilt angle of ψ with respect to the film surface depends on the stress σ
according to the Hooke’s law
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where the x-ray elasticity constants s EP y1 = ν /  and s EP y2 2 1/ ( ) /= +ν , depend on
Young’s modulus Ey and on the Poisson ratio νP. If the (hkl) crystal planes are parallel to
the film surface, the biaxial stress acting in the plane of the film affects the distance d
between these planes only through the elasticity constant s EP y1 = ν /  in Eq. (5).
However, when the (hkl) planes are tilted at some angle ψ with respect to the film
surface, the distance between the planes increases or decreases with a tensile or
compressive stress according to the first term on the right hand side of Eq. (5). The
deviation of the distance between certain lattice planes (h0k0l0) as a function of the tilt
angle can be measured by the x-ray diffraction method. The relative change ∆d d/ 0 , i.e.,
the strain caused by the stress, is directly related to the change ∆( )2θ  in the Bragg angle
2 0θ  by the formula
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Utilising Hooke’s law (Eq. (5)), the macroscopic stress in the film can be calculated from
the experimentally determined ∆d d/  values if the x-ray elasticity constant ( ) /1 +ν P yE
in Eq. (5) is known [60, 61]. In this study, the constant ( ) /1 +ν P yE  was calculated for
the PNZT films with tetragonal structure using the model described by Behnken and Hauk
[62] and using the single-crystal elastic constants typical for the same PZT composition
[55]. Taking into account that the measurements were carried out only for the (413)
planes, a value of 1.25 × 1011 m2/N was calculated for the ( ) /1 +ν P yE .



4. Experimental

4.1. Preparation of ablation targets

Various Pb0.97Nd0.02(Zr0.55Ti0.45)O3 targets with different densities were prepared from a Nd-
modified PZT powder produced by Morgan Matroc Materials in England. Targets were
first pressed into the form of pellets under a pressure of 500 kPa at room temperature. In
order to adjust the density of the PNZT targets, the sintering was carried out at different
temperatures between 900 and 1200 °C for 20 minutes at the maximum temperature. The
sintering process was carried out under an inverted zirconia crucible together with some
extra PNZT powder in order to prevent an excess loss of lead. Typically, the targets were
sintered at 1050 °C and had a density of 7.2 × 103 kg/m3, except in the experiments
described in Paper II, where the density of targets was varied between 5.1 × 103 and 7.7 ×
103 kg/m3. The quality of the PNZT targets was tested with the x-ray-diffraction method
and with the energy-dispersive spectroscopy of x rays (EDS). For the platinum-electrode
deposition, a polished platinum disc was used as a target.

4.2. Thin-film-deposition process parameters

4.2.1. Properties of the laser and the deposition conditions

A pulsed XeCl-excimer laser with a wavelength of 308 nm and pulse duration of 20 ns
was used for the laser-ablation deposition processes. The laser-pulse repetition rate was 25
Hz and the laser-ablation process was carried out in a vacuum chamber at a pressure
between 4 × 10-5 and 6 × 10-5 mbar at room temperature. The distance between the target
surface and the substrate was varied between 20 and 35 mm and the angle between the
target surface and incident laser beam was 45°. The laser-beam fluence on the PNZT target
surface was varied between 0.2 and 3.0 J/cm2 by adjusting the spot size of the laser beam
on the target surface with a focusing quartz lens. The spot size of the laser beam was
determined with an optical microscope having a resolution of 28 µm directly from the
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target surface or from a photography film. The energy of the laser pulse was measured
with a Coherent 2000 Power/Energy meter by averaging the energy of 10 pulses. The
spatial intensity distribution of the laser pulse was close to the flat-top pulse shape.
Typically, for the capacitor application experiments described in Papers IV, V and VI, a
laser-beam fluence of around 1.0 J/cm2 was used. The deposition of the films was carried
out with the scanning laser-beam condition at a constant scanning speed of 8 mm/s.
However, the laser beam was scanned in one direction only so that the spot size of the
laser beam and, thus, the laser-beam fluence was kept constant during the ablation
process. In Paper II, the local laser-beam condition was also used in order to study the
phenomena on the target surface during the ablation process. In the local laser-beam
condition, both the target and the position of the laser spot were kept fixed so that the
laser pulses hit the target always at the same surface area.

For the deposition of the electrode layers in capacitor structures a polished platinum
disk was used as a target. The fluence of 2.5 J/cm2 was found to be appropriate to produce
a smooth conductive platinum layer and the deposition rate was found to be 1.7 Å/s. At a
higher fluence (≥  4 J/cm2), large particulates with diameter of 1 µm or more were found
on the film surface and the adhesion to the substrate was poor.

The growth rate of the deposited films as a function of the laser-beam fluence and time
was determined with two different methods. The average growth rate was determined from
the thickness of the deposited films measured with a Dektak 3030ST profilometer. The
growth rate as a function of the number of laser pulses (or time) was measured in the in-
situ ablation process by replacing the substrates with a quartz-crystal sensor connected to
the Sycon STM-100 Thickness/Rate monitor.

4.2.2. Substrates

Single-crystal sapphire (Al2O3) substrates with (1102 ) surfaces, MgO(100) and thermally
oxidised silicon(100) substrates were placed parallel to the target surface after a cleaning
treatment. For the bimorph actuator experiments described in Paper VI, silicon substrates
with (100) orientation and a thickness of 50 µm were chosen in order to achieve a large
movement at the free end of the bimorph actuator. In all other experiments, the thickness
of the substrate was 500 µm.

For silicon substrates, an oxide layer was grown by a dry-oxidation method in order to
form a buffer layer between the silicon and the Pt/PNZT structure. The existence of the
oxide (SiO2) layer is necessary to ensure chemical matching between the silicon and
Pt/PNZT layers and to prevent the mixing and the formation of silicides in the interface
between the substrate and the film at elevated process temperatures. Oxide growth was
carried out at temperatures between 1000 and 1100 °C for 1 hour and the thickness of the
oxide layer was estimated to vary from 65 to 200 nm [63]. Before the deposition
processes, all the substrates were cleaned in an ultrasonic bath with ethanol.
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4.2.3. Post-annealing treatment of the as-deposited films

After deposition, a part of the PNZT thin-film samples were left amorphous and the rest
were post annealed in air at various maximum temperatures between 600 and 900 °C for a
period of 10 to 20 minutes under an inverted zirconia crucible with some PNZT powder.
The thickness of the PNZT thin films varied from 25 to 1200 nm, depending on the
experiment. In the post-annealing heat treatment, a heating rate of 400 °C/h was found to
be appropriate for the single-layer PNZT films on sapphire and MgO substrates. In order
to achieve an oriented polycrystalline PNZT thin film with a perovskite-type tetragonal or
trigonal lattice structure, maximum annealing temperatures of at least 675 to 900 °C had
to be used. On silicon substrates, the PNZT films exceeding 300 nm in thickness were
annealed at 650 °C and the thinner films at 675 °C. In order to avoid cracking due to the
unequal thermal expansion between the silicon substrate and the PNZT layer, a low
cooling and heating rate of 50 °C/h had to be used.

After deposition, platinum bottom electrodes, about 200 nm in thickness, were
annealed in air atmosphere at 700 °C. Resistivity was around 8 × 10-5 Ωcm. It was also
found that during annealing, platinum films with a thickness of 100 nm or less were
agglomerated into small islands and lost their conductivity. The top electrode was left
amorphous. In the fabrication of a Pt/PNZT/Pt capacitor structure, a temperature
difference of 25 °C or more between the maximum annealing temperatures of the
platinum bottom electrode and the PZT film was found necessary to prevent the mixing
of the separate layers.

4.3. Electrical characterization of PNZT thin films

4.3.1. Determination of dielectric properties

The determination of the dielectric properties of the PNZT thin films reported in Papers
IV and V was done with an LCR meter (Hewlett Packard 4284A) using a signal amplitude
of 1 V and frequencies of 1 and 10 kHz. The measurements of capacitance and loss angle
were carried out between 22 °C and 500 °C using a wire-wound resistor heating unit. A
Ni-NiCr thermocouple was used to measure the temperature of the PNZT film surface.
The polarization behaviour at room temperature was measured by a modified Sawyer-
Tower circuit with a frequency of 165 Hz [64].

4.3.2. Conductivity measurements

The leakage current as a function of the voltage applied across the Pt/PNZT/Pt capacitor
structure was measured with a circuit composed of a voltage source (Keithley 263) and a
digital current meter (Hewlett Packard 3458A) connected in series with the sample. The
value of the current was measured 30 s after each voltage change so that the initial
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charging current of the capacitor had decayed and the leakage current stabilised. The
conductivity measurements were also carried out at several elevated temperatures below
the Curie temperature in order to identify the possible thermally activated charge-transport
mechanisms.

4.4. Piezoelectric displacement measurements

The displacement generated by the bimorph actuator was measured using a two-channel
Michelson interferometer CSO INV 89-2. In the measurement system, a 780-nm GaAs
laser diode was aligned on the reflecting upper electrode of the bimorph element. The
quasi-static movement condition was established by driving the bimorph element with a
1-Hz triangular wave with an amplitude of 5 V. The resulting output voltages as a
function of displacement from the interferometer channels were collected through a digital
oscilloscope (Hewlett Packard 54200 A) into a computer for subsequent mathematical
treatment [65].

The frequency response of the vibrating element was also measured using the
Michelson interferometer. In this case, the driving external field was swept in frequency
from 500 Hz to 35 kHz with a constant amplitude of 0.6 V. The driving signal was
generated and the frequency response from the interferometer detected by a network
analyser (Hewlett Packard 3577 A).

4.5. X-ray-diffraction studies of thin films

4.5.1. Structure characterization

The structure of the PNZT films was studied with x-ray-diffraction experiments using
CuKα-doublet (1.540562 and 1.544390 Å) radiation and a Phillips x-ray diffractometer.
The measurements consisted usually of recording the x-ray diffraction intensities at 2θ
angles from 10 to 80° with a constant speed of 1°/min but also, as described in Paper IV,
some more accurate measurements were carried out manually, e.g., by measuring an
integration time corresponding to 20000 pulses. A commercial curve-fit program (Jandel
Scientific PeakFit 4.0) was used to determine the accurate positions of the measured
diffraction peaks in the experiments descriped in Papers II and IV.

4.5.2. Determination of the biaxial stress in thin films

Macroscopic mechanical stresses in PNZT thin films were determined from the diffraction
patterns of the CuKα1 x-rays. The shifts in the diffraction-peak position from the
tetragonal (413) planes at around 2θ =  148° were measured as a function of the tilt angle
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for the stress analysis [60]. The curve-fit program (Jandel Scientific PeakFit 4.0) was used
to determine the accurate positions of the (413) diffraction peak. The XRD patterns were
measured at the tilt angles of 0°, 30°, 45°, and 60° from both PNZT/Pt/MgO and
PNZT/Pt/SiO2/Si structures with various PNZT film thicknesses. In addition, the
intensity values at each 2θ  angle around the top of the Kα1 peak were calculated from the
measured times for the arrival of 20000 pulses to the detector in order to accurately
determine the peak positions.

4.6. Scanning electron microscopy (SEM) studies

The structure and composition of the films were also studied with a scanning electron
microscope (SEM) and EDS measurements using the JEOL JSM-6400/LINK AN10-85
facility with a thin-film analysis program. In some compositional analyses, an electron-
probe microanalyser (EPMA) JEOL JCXA-733 was also utilised. For high-resolution
SEM micrographs of the ablation-target surfaces, a field- emission microscope (FESEM)
JEOL JSM-6300F was used. Before the analysis, all the thin-film samples as well as
targets were first fixed to a metal sample holder with carbon paste and then covered with a
thermally evaporated thin carbon layer in order to ensure sufficient conduction on the
otherwise insulating sample surface. However, for some FESEM micrographs, the
samples were covered with a sputtered gold layer instead of the evaporated carbon layer.

4.7. Atomic force microscopy (AFM) studies

In order to study the surface morphology and, especially, the effect of the particulate
formation on the quality of the thin-film surface, atomic force microscopy (AFM)
(Digital Instruments Nanoscope II) was used. The determination of the particulate number
density (PND) as well as the size of the individual particulates was done using the
analysis program included in the software packet of the Nanoscope II.

4.8. Raman spectroscopy studies

Raman spectroscopy was also used to study the surface structure of the ablated PNZT-
target surfaces as described in Paper II. Clean and ablated PNZT surfaces were measured
with a Jobin-Yvon T-64000 micro-Raman facility having a cooled CCD detector. For
these measurements, an Ar+ -ion laser with a wavelength of 514.532 nm and a laser-beam
diameter of about 2 µm was used.



5. Results and discussion

5.1. Ablation process and film growth

The results of this section are mainly presented in the original publications of Papers I, II
and III.

5.1.1. Characterization of thin-film growth process

The average growth rate as a function of laser-beam fluence and the thickness distribution
of the amorphous PNZT thin films were determined. In addition, the growth rate as a
function of number of laser pulses (or time) was also measured with a quartz-crystal
sensor. The average growth rate of thin films deposited from the PNZT target as a
function of laser-beam fluence is shown in Fig. 8. Above the threshold fluence between
0.2 and 0.4 J/cm2, the growth rate increases linearly with fluence from 2.5 to 4.0 Å/s.
Since the angular distribution of the material flux from the target, the corresponding film
thickness t(θ) follows a cosine-power law, as described by Eq. (2), the growth rate as
determined, e.g., from the maximum film thickness tmax depends on the distance between
the ablation target surface and the substrate. In the deposition experiments, the distance
was varied between 20 and 35 mm and the thickness of the deposited films varied between
100 and 500 nm. In the case of PZT ceramics, an adiabatic heating model can be applied
to describe the interaction between the laser beam and the target surface. When the laser-
beam fluence does not differ significantly from threshold and the vapour evaporated from
the target surface is practically transparent, a linear relationship, similar to that in Fig. 8,
between the growth rate and the laser-beam fluence can be expected [28]. However, due to
the thermal conductivity of the target and the constant pulse duration of 20 ns, a threshold
value for the laser-beam fluence I th is necessary for a sufficient amount of energy to
evaporate the PNZT target surface [32]. According to Fig. 8., the threshold fluence is
around 0.4 J/cm2.

In the scanning laser-beam ablation experiments, the laser beam scans on the rotating
target surface at a constant speed of 8 mm/s. In the beginning of the process, the growth
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rate of the film was about 6.0 Å/s, but it decreased exponentially with increasing number
of laser pulses and reached a quite constant value of 2.0 Å/s at pulse numbers above 9000.
The behaviour is related to compositional and structural changes on the target surface
during the ablation process. The initial composition and structure of the target surface
changes due to high temperatures during the laser-beam exposure and very fast cooling and
solidification rates of the molten surface layer. According to the adiabatic heating model,
surface temperatures of the order of 10000 K are achieved at a laser-beam fluence of 1.2
J/cm2 which leads to segregation of lead atoms and formation of new phases, such as ZrO2

and TiO2, with higher melting-point temperatures as compared to that of the initial PNZT
surface [II]. These changes in the surface structure and composition of the target during
the ablation process decrease the growth rate of the film and lead to the formation of a
laser-cone structure at the target surface which further decreases the growth rate.
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Fig. 8. The average growth rate of PNZT thin films as a function o f
laser-beam fluence deposited with distances of 20 and 35 mm between
the target and substrate, respectively [I].

During laser-beam exposure, a thin plasma layer is formed on the surface of the target as a
result of evaporation and both the single-photon and the inverse-Bremsstrahlung
ionization processes. The thickness of the plasma layer is only of the order of 100 µm
and, therefore, the pressure gradient inside the plasma is greatest in the direction
perpendicular to the target surface. Thus, the expansion of the plasma is most rapid in
this direction which leads to a nonuniform thickness distribution of the growing thin
film. In Fig. 9, the cosine-power law of Eq. (2), was fitted to the measured film-thickness
data, and an exponent value of p = 4.1 with a correlation coefficient of r 2 =  0.993 was
obtained from the fit program. The maximum thickness of the film was 3460 Å. The
distance between the ablation target and the substrate was 25 mm and a laser-beam fluence
of 1.2 J/cm2 was used in the experiment.
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Fig. 9. The measured thickness distribution (circle marks) along the
substrate surface together with the cosine-power-law fit (solid curve) o f
a PNZT thin film deposited at a laser-beam fluence of 1.2 J/cm2 with a
distance of 25 mm between substrate and target.

5.1.2. Structure and composition of films

The crystal structure of the post-annealed PNZT films was studied with conventional x-
ray-diffraction measurements. The films deposited at higher laser-beam fluences above 1.5
J/cm2 showed a polycrystalline high-temperature trigonal structure independent of the
annealing temperature (see Fig. 10(c)). Deposition at lower laser-beam fluences (Fig.
10(a)) gave films with lower Zr contents and tetragonal crystal structure where the axis
ratio c a/  increased with increasing annealing temperature. However, from the films
annealed at 600 and 650 °C, only weak x-ray-diffraction intensities were measured and the
films contained also the pyrochlore phase.

The atomic lead content Pb Zr Ti/( )+  of amorphous as-deposited PNZT thin films as
a function of laser-beam fluence was also studied. At fluences around 0.4 J/cm2, the
atomic lead content of the films was about 4.0 but decreased with increasing fluence to a
value close to 1.0 at the laser-beam fluence of 0.75 J/cm2. This behaviour can be
explained by a two-component model for the ejection of material from the target surface.
At low laser-beam fluences (below 0.75 J/cm2) the material removal from the target is a
thermal evaporation process and thus the composition of the ejected material flux is
determined by the characteristic vapour pressures of the elements in the target. The
relatively high vapour pressure of the PbO compound from the target leads to film
compositions with lead contents exceeding its value in the initial PNZT target [66]. On
the other hand, the segregation of lead into separate droplets and the formation of ZrO2 and
TiO2 phases with high melting temperatures at the PNZT target surface during the
ablation process, as also found in our studies [II], can also increase the amount of lead in
the films at low laser-beam fluences. Higher surface temperatures at laser-beam fluences
above 0.75 J/cm2, on the other hand, ensure a more uniform evaporation of different
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elements from the target and the process resembles now more of an ablation process [66].
However, the surface temperature of the PNZT target also increases with the increasing
laser-beam fluence and the material removal from the target is always a combination of
thermal evaporation and ablation processes.
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Fig. 10. XRD patterns from PNZT films deposited on the sapphire
substrate at laser-beam fluences of (a) 0.4 (annealed at 850 °C), (b) 1 . 3
(annealed at 850 °C) and (c) 2.4 J/cm2 (annealed at 800 °C). The
intensity values of the curve (c) were divided by a factor of 10 as
compared with the intensity values of the curves (a) and (b) [III].

The final chemical composition of the PNZT films also changed during the post-
annealing treatment and, the lead content of films annealed at high temperatures was less
sensitive to laser-beam fluence. At low fluences, the as-deposited PNZT films contain
excess lead and, thus, the ratio Pb Zr Ti/( )+  stabilises close to the stoichiometric value
during annealing. However, at high laser-beam fluences, the as-deposited PNZT films
suffer from a lead content which is too low, but at high annealing temperatures, the
annealing atmosphere contains more lead evaporated from the extra PNZT powder under
the inverted zirconia crucible. In this case, lead is incorporated from the vapour phase into
the thin films and, thus, the lead content of the films increases with increasing annealing
temperature. For films annealed at low temperatures, the high variation rate of lead
content with fluence originates from the re-evaporation of lead (PbO) during the heat
treatment and, due to the low annealing temperature, the compensation from the vapour
phase is smaller. In addition, the enhanced formation of perovskite PZT phases at
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annealing temperatures above 650 °C leaves more lead in the crystal structure of the thin
film and leads to compositions closer to that of the original PNZT target [66]. On the
other hand, the zirconium content Zr Zr Ti/( )+  of the post-annealed films increased
monotonically from 0.43 up to 0.55 with increasing laser-beam fluences from 0.4 up to
2.4 J/cm2, respectively. The zirconium content was also practically independent of the
heat-treatment process [III]. This observation is consistent with the results of the
composition measurements of the ablated target surface [II]. At higher laser-beam
fluences above 1.0 J/cm2, an increased evaporation of Zr and Ti further improves the
compositional stability of the post-annealed PNZT thin films. The dependence of
zirconium content on the laser-beam fluence for films near the MPB with x ≈ 0.53 makes
also possible to control the crystal structure of the film between the trigonal and
tetragonal structures by choosing the correct deposition parameters. As shown in Fig. 10,
the film deposited at the low fluence of 0.4 J/cm2 has the tetragonal crystal structure, but
the film deposited at the fluence of 2.4 J/cm2 has the trigonal crystal structure [III].

5.1.3. Particulate and laser-cone formation

The surface morphology of PNZT thin films after deposition with various laser-beam
fluences is shown in the AFM micrographs in Figs. 11(a)-(d). These films were deposited
with the scanning laser-beam technique and the film thicknesses were about 400 nm. A
PNZT target with a density of 7.4 × 103 kg/m3 after sintering at 1100 °C was used. There
are clearly less particulates in the films deposited with lower laser-beam fluences of 0.4
and 0.66 J/cm2 (Figs. 11(a) and (b)). Large particulates (diameter φ ≈  1 µm), seen in
Figs. 11(c) and (d), from the breaking of a laser-cone structure at the target during a
deposition process with higher laser-beam fluences, are absent in the films in Figs. 11(a)
and (b). Considerably lower target temperatures during ablation with lower fluences may
be the reason for the difference. An annealing treatment at 700 °C for 20 minutes caused a
coalescence of smaller particulates with the growing grains during the crystallization
process and led to a better morphology of the film surface, as is seen in Figs.
11(e) and (f).

Measured PND values of some PNZT films are shown in Table 1. In the PNZT films
with a thickness of about 400 nm, the PND of particulates with a diameter φ ≥ 150 nm
increases faster than the PND of particulates with a diameter φ ≥ 400 nm with an
increasing laser-beam fluence. On the other hand, the PND value of all particulates
decreases rapidly with an increasing target density in the case of a constant laser-beam
fluence of 1.0 J/cm2, which is typical for the deposition of PZT thin films. This
dependence of the PND on the target density is assumed to relate to pores inside the
sintered ceramic PNZT targets. The amount of the pores decreases with the increasing
density of the PNZT ceramics and, thus, the amount of the particulates from the
explosion of the pores under the target surface decreases.
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Fig. 11. AFM micrographs of amorphous PNZT thin films deposited
without substrate heating with fluences of (a) 0.4, (b) 0.66, (c) 1.0, and
(d) 2.0 J/cm2. The films in micrographs (a) and (d) after annealing are
shown in micrographs (e) and (f), respectively [II].

The formation of the laser-cone structure at the surface of PNZT targets was studied
with the local laser-beam process by ablating fixed targets with a laser-beam fluence of
1.0 J/cm2. Laser exposures with different number of pulses between 1 and 500 were used
and the interval between the pulses was about 40 ms. Figures 12(a), (b), (c), (d) and (e)
show the surfaces of a PNZT target after ablation with 0, 5, 10, 50 and 300 laser pulses,
respectively. The first few pulses only melt the target surface, but already after 10 pulses
a formation of laser-cone structure is seen in Fig. 12(c). In fact, the surface of the target
melts and after the cooling and solidification processes it appears to be smoother than the
original polished target surface. With the assumption of an adiabatic heating process
(i.e., the absorption length of the laser light exceeds the thermal diffusion length) on the
polished target surface during the first laser pulses, it was possible to calculate a surface
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temperature of about 3600 K even with low laser-beam fluences, such as 0.4 J/cm2 by
using typical values of material constants from the literature. This temperature is well
above the melting point of PZT ceramics which is about 1650 K. According to the
model, the melting temperature of a PZT surface was achieved by a laser-beam fluence of
0.18 J/cm2 when the heat conductivity of the PZT target was neglected in the
calculations. On the other hand, the experimental results of the average growth rate of the
PNZT thin films revealed that the deposition rate decreases rapidly at low laser-beam
fluences of around 0.4 J/cm2. These results suggest that the threshold value of the laser-
beam fluence for the ablation is between 0.2 and 0.4 J/cm2. The average distance between
the top globules of the laser cones, measured in the plane perpendicular to the direction of
the laser cones (and the laser beam), varied between 3.7 and 4.6 µm. The development of
the laser-cone structure with the increasing number of pulses was found to be independent
of the density of the PNZT target. After about 150-200 laser pulses, the growth of the
laser-cone structure saturated and the cones began to break down and melt together. The
ejection of the spherical top globules from the melt may be the mechanism for the
generation of large particulates (φ > 600 nm) on the growing PNZT film surface [37].
However, the generation mechanism for the smaller particulates (φ < 200 nm) is
probably different, as mentioned before. For comparison, the surface of the target after a
scanning laser-beam ablation with 32700 pulses at the fluence of 1.0 J/cm2 is shown in
Fig. 13(a).

Table 1. Measured  average values of the particulate number densities (PND) for
amorphous PNZT thin films as a function of laser-beam fluence and density of the
target. The PND values are listed according the smallest particulate diameter in
nanometers counted.

0.40     11.9         0.68          -    5.06        143.9         266
0.66     30.4         1.33          0.22    6.34        107.9         328
1.00     33.0         4.64          1.29    7.19          77.3         356
1.30     28.0         2.20          0.98    7.40          58.5         451
1.75     58.9       10.81          2.43    7.72          49.2         465
2.00     41.7         9.73          2.97    

PND of amorphous films
with the thickness of 400 nm
deposited from a target with
the density of 7.4 x 103 kg/m3

PND of amorphous films
 deposited from various targets

at the fluence of 1.0 J/cm2

Laser     PND        PND         PND              Target        PND          Film
fluence      (150)         (400)        (600)              density      (0, all)        thickness
[J/cm2]            x 104 [1/(cm2 x nm)]                  x 103 [kg/m3]           [nm]
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e)d)

c)b)a)

Fig. 12. SEM micrographs of the surface of a PNZT target after
exposuring with (a) 0, (b) 5, (c) 10, (d) 50, and (e) 300 laser pulses b y
the local ablation process with the fixed target and the laser-beam
fluence of 1.0 J/cm2. The magnifigation in all micrographs is 2500 ,
except in micrograph (a), where the magnifigation is 10000.

The laser-cone structure in the case of a scanning laser beam (Fig. 13(a)) is different
from that ablated with fixed laser beam. The larger magnification of Fig. 13(b) reveals
explosion holes with a diameter between 100 and 200 nm as a result of subsurface heating
and a rapid expansion of the gas in the pores below the target surface. These explosions at
the target surface generate the smaller particulates found on the PNZT thin-film surfaces.
Typically, the surface of the targets had also numerous microcracks after ablation, which
indicates a fast cooling and solidification rate of the molten layer at the target surface.
Figs. 13(c) and 13(d) show SEM micrographs of different cross sections of a PNZT target
after a scanning ablation process. The figures reveal the porous structure of the PNZT
target with a density of 7.4 × 103 kg/m3 and sintered at 1100 °C for 20 minutes.
According to Fig. 13(d), the thickness d of the molten layer at the PNZT target surface
had been less than 300 nm. This thickness is only about half of the theoretical value
based on calculations with the adiabatic heating model. However, the polycrystalline
structure of the PNZT target with an average grain size of less than 1 µm is also an error
source in the calculations and needs a more proper treatment.
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Fig. 13. SEM micrographs (a) and (b) show surface morphologies wi th
different magnifications and (c) and (d) cross sections of a PNZT target
after a scanning laser-ablation process with 32700 pulses.

5.1.4. Compositional and structural changes in the target

Changes in the composition and structure of the PNZT target surface after the ablation
process were studied by EDS analyses and XRD measurements. A PNZT target with a
density of 7.4 × 103 kg/m3 was ablated with a fluence of 1.0 J/cm2 for 25 minutes up to
32700 pulses by using the scanning ablation process. Because of the higher evaporation
rate of lead, as compared to that of zirconium and titanium, a strong lead deficiency was
found in the surface layer of the target. Relative values between 0.17 and 0.26 were found
for the atomic lead content Pb Zr Ti/( )+  in the surface layer after ablation, which are low
values when compared with the initial value of around 1.0. The corresponding values of
the relative zirconium content Zr Zr Ti/( )+  were close to the initial target composition
(between 0.52 and 0.58). In this case, the compositional analyses were made on relatively
large macroscopic areas at the target surface. The changes in the chemical composition of
the PNZT target surface during ablation promote surface segregation and the development
of new compounds and phases.

Fig. 14 shows x-ray diffraction patterns measured with CuKα radiation from a PNZT
target surface before and after ablation with various laser-beam fluences. In all patterns
measured after the ablation, three extra twin peaks appear at 2θ  angles of 35.7° and 36.3°,
51.3° and 52.3°, and 61.0° and 62.3°, respectively, indicating a slightly tetragonal new
phase (indicated by the arrows in Fig. 14). Some changes in the shape and position of the
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Fig. 14. X-ray diffraction patterns measured with CuK α  radiation (1 .54
Å) from a PNZT-target surface before and after scanning laser ablation
with various laser-beam fluences between 0.4 and 2.0 J/cm2. The arrows
indicate three twin peaks from a new phase (tetragonal ZrO 2) formed i n
the laser-ablation process [II].

The lattice constants of the tetragonal structure are in this case a ≈ 4.941 Å and
c ≈  5.032 Å which are in close agreement with the values of the tetragonal ZrO2
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[70, 71]. Therefore, the new peaks in the XRD patterns in Fig. 14 are related to tetragonal
ZrO2, since the cooling rate after laser-ablation process is fast. The intensity of the twin
peaks also decreases with increasing fluence. An increase in the thickness of the new
(amorphous) surface layer after ablation with increasing fluences may be the reason for the
intensity decrease. Small amounts of crystalline ZrO2  and TiO2 phases may be present at
the bottom of the surface layer. An average grain size of 32 nm was calculated with the
Scherrer equation [72] for this new phase in the surface layer of the ablated target. The
EDS measurements from the top globules of the laser cones revealed a strong lead
deficiency. In fact, lead was missing in the top structure of the globules after both the
local and scanning ablation processes. Instead, droplets of pure lead were found between
the laser cones and on the walls of individual laser cones (see, e.g., Figs. 12(e), 13(b) and
(c)). On the other hand, the relative zirconium content Zr Zr Ti/( )+  was around 0.56 in
all cases which is close to the initial value in the target. These results also
support the presence of both TiO2 and ZrO2 compounds in the top globules of the laser
cones.

Raman spectra from a PNZT target surface before and after ablation were also
measured. The initial target surface exhibits a typical Raman spectrum from PNZT
ceramics with a trigonal structure as the main phase [73]. After ablation with single laser
pulse having a fluence of 1.0 J/cm2, a similar Raman spectrum was obtained. However,
after ablation with 50 laser pulses, no any specific Raman modes were found in the
Raman spectrum. On the other hand, TiO2 and ZrO2 phases have several Raman-active
modes in the same Raman-shift region [74]. The penetration depth of the applied argon-
ion laser light with the wavelength of 514.532 nm was only a few hundred nanometers,
which means that the top layer of the ablated target was amorphous or possible metallic.
However, surface conductivity measurements from the ablated targets did not show any
major conductivity changes with respect to the initial target surface. Thus, the combined
information from the XRD and Raman measurements, and also from the EDS analyses,
makes it possible to conclude that, because of the high cooling rate after the laser-beam
exposure, the topmost surface layer of the ablated target is an amorphous mixture of
different oxide compounds such as TiO2 and ZrO2 and contains also small lead droplets on
its surface. At the bottom of this amorphous surface layer, there is also a small amount
of crystallized tetragonal ZrO2 phase and possibly also a small amount of TiO2 phase in
the rutile structure in targets ablated with low laser-beam fluences.
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5.2. Dielectric properties of PNZT capacitor structures

The results in sections 5.2. and 5.3. are mainly presented in the original publications of
Paper IV and Paper V.

The dielectric properties of PZT thin films are typically found to be somewhat
moderate as compared with the properties of bulk ceramics. The dielectric constant and the
remanent polarization of the thin films are lower, and the loss angle higher. However,
high values of breakdown field have been observed in thin-film capacitor structures. The
dielectric constant and the loss angle of the PNZT thin films as a function of the film
thickness on both MgO and silicon substrates are shown in Fig. 15. In the case of the
MgO substrate, the dielectric constant increased nearly linearly from 440 to 560 with
increasing film thickness. This kind of behaviour has been also found in PZT thin films
fabricated with sol-gel spin coating and organo-metallic decomposition techniques [75].
Different mechanisms, including the formation of an interfacial layer with a high defect
concentration between the electrode and the PZT film, the Schottky-barrier formation,
differences in the grain size and film density, and the presence of mechanical stresses, have
been proposed to be responsible for this behaviour [58, 75]. As described later in this
thesis, the dielectric constant decreased with an increasing compressive stress in the PNZT
films on MgO substrate. However, in the films deposited on silicon substrates, much
lower dielectric constants between 100 and 200 were found, and no clear dependence on the
film thickness was observed. According to Fig. 15, the loss angles of about 0.09 and
0.03, corresponding to the impedance values of 2 and 25 MΩ, were measured in the films
on MgO and silicon substrates, respectively.

Typical hysteresis loops for the polarization of Pt/PZT/Pt capacitors on both substrate
materials are shown in section 5.5. A remanent polarization of 18 µC/cm2 and a coercive
field of about 100 kV/cm were found in the films on MgO substrate. It is worth
mentioning here that the value of the coercive field did also depend on the compressive
stress in the PNZT film. For films on silicon substrate, a narrow hysteresis loop with a
modest remanent polarization of 3 µC/cm2 and a coercive field of about 100 kV/cm were
measured. So far, all the results describing the dielectric properties of the PNZT films on
silicon substrate were measured from films with a good morphology and uniform
structure.

The dielectric constant of PNZT films was also measured as a function of temperature.
A Pt/PNZT/Pt structure with a film thickness of 500 nm was fabricated on silicon
substrate and the measurements were carried out at the frequencies of 1 kHz and 10 kHz.
The transition from the ferroelectric tetragonal phase to the paraelectric cubic phase was
found to appear in a narrow temperature range, and the Curie temperature was found to be
at about 360 °C.

Dielectric losses tanδ as a function of frequency were also measured for Pt/PNZT/Pt
capacitor structures on MgO and silicon substrates with various film thicknesses. At low
frequencies, all samples had quite low tanδ values below 0.06. For PNZT capacitor films
on MgO substrate, the increase of the relative dielectric constant εr with increasing film
thickness, as shown in Fig. 15, reflects also in the behaviour of tanδ with increasing
frequency. The value of the loss angle tanδ increases from about 0.06 to 0.3 with
increasing film thickness at the frequency of 106 Hz. On the other hand, typical behaviour
of tanδ with frequency for stressed PNZT films with a high resistivity on silicon
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substrate is similar to that of a 300-nm film on MgO substrate, where the loss angle is
almost constant around 0.03 over the frequency range up to 106 Hz.
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Fig. 15. Relative dielectric constant and loss angle measured from
PNZT thin films on silicon and MgO substrates as a function of the
film thickness [IV].

5.3. Poole-Frenkel conductivity of PNZT thin films

Characteristic leakage currents as a function of voltage for the Pt/PNZT/Pt capacitor
structures on MgO and silicon substrates are shown in Fig. 16. From the linear parts of
the curves of Fig. 16, low-field resistivities ρ of 2.18 × 1011 and 2.97 × 1012 Ωcm were
obtained for the films on MgO and silicon substrates, respectively. For films on MgO
substrates, the current-voltage curve in Fig. 16 is quite symmetric, but for the films on
silicon, an asymmetric current response is seen. This asymmetry is assumed to relate to
differences in the hole emission at the bottom and top interfaces between the Pt electrode
and PNZT film [51]. At positive voltages seen in Fig. 16 the bottom electrode is the
cathode. This electrode interface is annealed during the heat treatment of the PNZT film.
On the other hand, the top Pt/PNZT interface is not annealed after the room-temperature
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processing. This electrode is the cathode at the negative voltage values in Fig. 16. As
described in Ref. 51, oxygen vacancies Vo

2+ become mobile at elevated annealing
temperatures and drift to the bottom PNZT/Pt interface to compensate the contact
potential and to cause a band bending and possible hole accumulation (ohmic contact) at
the heat-treated PNZT/Pt contact. Conversely, the top Pt-electrode contact without any
heat treatment has no band bending because of the lack of positive donors and holes to
compensate the contact potential. This asymmetric contact structure is assumed to be the
reason for the asymmetry in the current response to applied voltage in Fig. 16. An ohmic
linear current response is seen at low voltages.
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Fig. 16. Current-voltage characteristics measured at room temperature
from a 300-nm PNZT film in a Pt/PNZT/Pt structure on s i l i con
substrate and from a similar 600-nm-thick film on MgO substrate [IV].

It was also found from the leakage-current measurements of the uniformly stressed
PNZT thin films on MgO substrate that the current density at constant external electric
field increased with increasing film thickness. An example of this are the values from 22
to 9820 nA/cm2 obtained with increasing film thickness from 350 to 600 nm at an
electric field of 100 kV/cm [V]. This result is an indication of a bulk-limited conduction
mechanism, e.g., Poole-Frenkel conduction. On the other hand, the asymmetry found in
the current-voltage characteristics of the Pt/PNZT/Pt capacitor structures, especially on
silicon substrates, should be interpreted as evidence of an electrode-interface-controlled
conduction mechanism, such as Schottky-emission conduction.
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Fig. 17 shows the logarithms of the leakage-current density as a function of the square
root of the electric field measured at 295, 323 and 423 K for a 300-nm PNZT film
deposited on silicon substrate. The logarithmic curves resemble quite well straight lines
with a knee around 150 kV/cm. As shown in Table 2, the best fit between the
experimentally derived β and calculated values of the coefficient βPF of Eq. (4) was
obtained at a temperature of 423 K from the low-field straight line below 150 kV/cm.
Similar behaviour was also found in a 600-nm PNZT film on MgO substrate. Assuming
the Poole-Frenkel emission mechanism for long-term leakage conduction, the activation
energies of conductivity were calculated to be between 0.15 eV and 0.18 eV. These values
are in agreement with the estimates in Ref. 53 for the binding energies of the Pb3+ hole
traps in PZT ceramics. Two Raman peaks at around 1200 and 1500 cm-1 (quantum
energies about 0.15 and 0.18 eV, respectively) appeared in the Raman spectra from
different PNZT samples at exposure with 3.41 eV UV quanta and were related with the
trap energies of the Pb3+ hole traps in Ref. 54. The present conduction results are also in
good agreement with the results of Wouters et al. [51].
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Fig. 17. Natural logarithm of the leakage-current density as a function
of the square root of electric field in a 300-nm-thick PNZT film of a
Pt/PNZT/Pt structure on silicon substrate measured at 295, 323 and 4 2 3
K [IV].

Both the results from the current-voltage characteristics of Fig. 16 and from
the leakage-current measurements at elevated temperatures of Fig. 17 and of
Table 2 support the conclusion that under low-field conditions below 150 kV/cm,
the leakage conduction in PNZT thin films occurs through the Poole-
Frenkel mechanism due to the hopping of holes between Pb3+ hole traps with activation
energies between 0.15 and 0.18 eV. Although the experimentally derived
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coefficients β at electric fields above 150 kV/cm suggest the Schottky-emission
conduction with values β β β/ ( / ) / /kT kT kTPF S≈ =2 , this kind of assumption of an
abrupt change in the conduction mechanism is unrealistic. However, external electric
fields below 150 kV/cm are the most important from the application point of view.

Table 2. Experimentally derived and calculated values of the coefficient β for the
Pt/PNZT/Pt capacitor structures on Si and MgO substrates with different PNZT film
thicknesses at various temperatures.

Substrate

Si
MgO
MgO

PNZT film
thickness

[nm]

300
500
600

Temperature
[K]

423
570
473

Measured β;  Calculated β
x 10−24

[C3/2m1/2F-1/2]

7.6
2.6
6.7

7.9
3.0
5.7

Low-field
resistivity
[Ω cm]

2.97 x 1012

2.18 x 1011

1.21 x 1012

5.4. Properties of PNZT thin-film bimorph actuator

The results in this section are presented in the original publication of Paper VI.
Characterisation of the electrical properties of the bimorph element with two identical

plate capacitors was carried out in order to determine the capacitance, dielectric constant,
resistivity, and nonlinear polarization of the ferroelectric PNZT layers. The capacitance of
the Pt/PNZT/Pt structure with an electrode area of 13.8 × 10-6 m2 and a PNZT layer
thickness of 1.2 µm was 18.2 nF and the dielectric constant was found to be 180. The
resistivity of the PNZT films was 5 × 1011 Ωcm before polarization indicating a good
morphology of the films.

The polarization measurements of the PNZT films were carried out using a modified
Sawyer-Tower circuit [64]. A triangular voltage with a maximum of 20 V and a frequency
of 165 Hz was applied across the PNZT films. The maximum polarization, reached at an
electric field of 167 kV/cm, was 3.4 µC/cm2. Remanent polarization was found to be 0.9
µC/cm2 and the coercive field was 20.8 kV/cm. These values of the remanent and
maximum polarizations are modest when compared to typical values of the ferroelectric
PZT thin-film-capacitor structures. As described in detail in section 5.5, it is assumed that
the reason is mainly in the strong tensile macroscopic residual stress left in the multilayer
thin-film structure after the post-annealing heat-treatment process. This kind of stress was
found to suppress the dielectric and polarization properties of the ferroelectric PZT
ceramics.

The displacement generated by the bimorph actuator was measured using a two-
channel Michelson interferometer. Fig. 18 shows the displacement of the free end of the
bimorph element as a function of the external driving voltage. With a maximum external
voltage of 5 V, corresponding to an electric field of only 42 kV/cm, a displacement of
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300 nm from the initial position was determined. As shown in Fig. 18, the displacement
is linear. This is an important feature from the application point of view because the
nonlinear movement has to be compensated by a complex control circuitry. Furthermore,
no drifting of the zero point was observed. However, with an external driving voltage
with an amplitude of 10 V, a displacement of 850 nm was measured and the response
became nonlinear with a minor drifting of the zero point. After calculations, a
piezoelectric coefficient d31 of 1.2 × 10-12 m/V was obtained. This value is low compared
to theoretical calculations and it is supposed here to be due to the existence of minor
pyrochlore phase in the film and due to the macroscopic stress of the PNZT thin film. It
was revealed in EDS analyses and x-ray-diffraction measurements that PNZT films
suffered from a lack of lead (atomic lead content Pb Zr Ti/( )+  being 0.73) and that
the films also contained some pyrochlore phase. These properties are caused by the low
post-annealing temperature of 650 °C which, in turn, is necessary to achieve a uniform
uncracked thin-film structure.
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Fig. 18. Displacement of the PNZT bimorph actuator as a function o f
external voltage driven by a triangular wave with an amplitude of 5 V
and frequency of 1 Hz [VI].

The frequency response of the vibrating element was also measured using the
Michelson interferometer. In this case, the driving external field is swept in frequency
from 500 Hz to 35 kHz with a constant amplitude of 0.6 V. The main mechanical
resonance frequency  of the bimorph structure was found to be about 3 kHz, which is in
good agreement with theoretical calculations presented in Paper VI.
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5.5. Effects of residual macroscopic stress on dielectric and
electrical properties

The following results in this section are mainly presented in the original publications of
Paper IV and Paper V.

As discussed earlier in the thesis, the post-annealed  PNZT thin films deposited using
the pulsed-laser-ablation technique are typically under a macroscopic residual stress due to
different thermal processing steps. The (413) lattice planes of the tetragonal structure with
a diffraction peak at around 2θ =  148° in the case of CuKα1 radiation were used for the
stress analysis of the films. The XRD patterns were measured at the tilt angles of 0°, 30°,
45°, and 60° from both PNZT/Pt/MgO and PNZT/Pt/SiO2/Si structures with various
PNZT film thicknesses. An increase in the Bragg angle 2θ , with increasing tilt angle,
means a decrease in the distance d413 between the (413) planes, and is an indication of a
compressive stress in PNZT films on MgO substrate. The opposite behaviour for films
on SiO2/Si substrate indicates a tensile stress. By applying the Hooke’s law (Eq. (5)), the
macroscopic stress in the films was calculated. In the PNZT thin films deposited on MgO
substrates, the compressive stress was found to vary between 352 and 226 MPa with
increasing film thickness as shown in Fig. 19. Although the dependence is not
unambiguous, the stress clearly decreases with increaseing film thickness for PNZT
films. On silicon substrates, tensile stresses of 415 and 405 MPa were measured for film
thicknesses of 400 and 500 nm, respectively. Thus, the stress is assumed to decrease with
increasing film thickness for the PNZT films on silicon substrates as well.

On the other hand, it was found from the x-ray-diffraction measurements for structural
characterization, that the PNZT film on MgO substrate is under a compressive stress and
that the relaxation of this stress favours the formation of the ferroelectric tetragonal
structure with the c-axis perpendicular to the film surface. In the case of silicon substrate,
the PNZT thin film is under a tensile stress which favours the tetragonal structure with
the c-axis parallel to the film surface [IV]. Thus, the external electric field in the capacitor
structure is mainly in the ab-plane of the tetragonal crystal structure and the polarization
by the movement of both A- and B-site cations in the direction of the c-axis is prohibited.
This leads to moderate values for the dielectric constant and polarization characteristics as
shown in Fig. 20. Especially, in the PNZT films on silicon substrate, the relaxation of
stress due to the cracking of the film or with the increasing film thickness seems to
release the crystal structure for a more effective polarization under an external electric
field. For instance, the dielectric constant increased from around 100 to 530 and the
remanent polarization from 3 to 25 µC/cm2 after stress relaxation, as shown in Fig. 20.

In the case of compressive macroscopic stress, the directions of the c-axis and external
electric field are the same which makes the polarization through movement of A- and B-
site cations easy in the Pt/PNZT/Pt capacitor structures on MgO substrate. The effects of
stress on the polarization and other dielectric properties are much lower in the films on
MgO substrate as compared to the films on silicon substrate. However, the relative
dielectric constant of films on MgO substrate increases quite linearly from 440 to 560
with increasing film thickness which decreases the compressive stress. It was also found
that the value of the coercive field increased from 80 to 150 kV/cm with the increasing
compressive stress in the Pt/PNZT/Pt capacitor structures on MgO substrate.
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Fig. 19. Compressive stress and relative dielectric constant as a
function of film thickness measured from PNZT films on MgO
substrate [IV].

Also, the leakage current and conduction mechanism were found to change drastically
with respect to the existing stress state in the PNZT thin films. A strong decrease in the
leakage current was found as a result of stress in PNZT films of the Pt/PNZT/Pt
capacitors on silicon substrate. In the case of a PNZT film with a thickness of 300 nm
and tensile stress of about 400 MPa, very low values of leakage current below 50 pA, up
to electric fields of 120 kV/cm, were found. The relative dielectric constant εr in these
capacitors films with a high tensile stress was typically between 100 and 200 together
with a tanδ of about 0.03 for the dielectric losses and a modest remanent polarization of
Pr < 5 µC/cm2. The current-voltage characteristics was also measured from a capacitor
structure fabricated near a crack in the same PNZT film (the film was annealed with a
higher temperature gradient of 100 °C/h). In this case, the stress was relaxed in the film
due to cracking. The leakage currents in this capacitor were about three orders of
magnitude higher. The resistivity ρ calculated from the linear part of the current-voltage
characteristics at low electric fields for this capacitor structure was found to be
3.6 × 108 Ωcm. As mentioned before, stressed PNZT films on silicon substrate favour an
orientation with the c-axis parallel to the film surface. As a result, the external electric
field in the capacitor structure is mainly in the ab-plane of the tetragonal crystal structure
and the polarization by the movement of both A- and B-site cations in the direction of the
c-axis is prohibited causing the moderate values of the dielectric constants. However, the
stress relaxation of the PNZT film had such drastic effects on the leakage current that the
possibility of a different conduction mechanism was also studied. Other possible
conduction mechanisms include the Schottky emission with a coefficient βs of about
2 × 10-24 C3/2m1/2F-1/2 at low electric fields and the SCLC where the existence of space
charge originates from the trapping of charge carriers at possible shallow traps in the
PNZT film generated by the relaxation process [76]. Dielectric-loss measurements gave
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some support for the SCLC mechanism [V]. Stress-induced leakage current has been
found also in ultrathin SiO2 layers in metal-oxide-semiconductor (MOS) capacitor
structure on silicon single crystal [77].
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Fig. 20. Polarization vs. electric field hysteresis loops of the
Pt/PNZT/Pt capacitor structures on MgO and silicon substrates. In the
case of the silicon substrate, hysteresis loops measured from both
uniform (stressed) and cracked (relaxed) PNZT films are shown [IV].

It is also interesting to notice the possible effects of the macroscopic residual stress on
the performance characteristics of the bimorph actuator presented in the section 5.4. The
polarization hysteresis loop for the Pt/PNZT/Pt capacitor structure in the actuator showed
a modest remanent polarization with a value of about 1 µC/cm2, and actually reminds
very much the behaviour presented for the stressed PNZT film on silicon substrate.
Although the PNZT film thickness in the actuator structure was about three
times that of the film used for the hysteresis measurement of Fig. 20, and the
stress in such a film should be much lower, the actuator film was uniform and smooth
and thus certainly stressed. Due to the forementioned reasons, the clear difference between
calculated and measured displacements and piezoelectric coefficients could be partly
explained by the residual stresses suppressing the ferroelectric polarization and
piezoelectric effect [VI].



6. Conclusions

Ferroelectric Nd-modified lead-zirconate-titanate, Pb(ZrxTi1-x)O3, thin films were deposited
on various single-crystal substrates including sapphire, MgO and silicon using pulsed-
laser-ablation-deposition technique into the form of single layer PNZT thin films and
multilayer capacitor structures with platinum electrodes. The deposition was done from
sintered ceramic targets with a nominal composition of Pb0.97Nd0.02(Zr0.55Ti0.45)O3 for the
ferroelectric films and with a polished platinum disk for the electrode layers using a pulsed
XeCl excimer laser with a wavelength of 308 nm and 20-ns pulse duration. Especially the
research concentrated on the properties of post-annealed thin films and, therefore, the
deposition experiments were always performed at room temperature. The characterization
of the laser ablation process itself was used to optimize the deposition conditions for the
PNZT thin films in different applications. Especially, the surface morphology and the
formation of particulates on the surface of the thin film was studied. Additionally,
dielectric and electrical properties such as polarization properties and leakage-conduction
characteristics were measured and analysed from the Pt/PNZT/Pt/substrate-capacitor
structures. The macroscopic residual stresses in the PNZT films were also measured and
the relationship between the dielectric and electrical properties and the stress state of the
film were considered.

The deposition growth rate, the thickness distribution of the amorphous film after
deposition and the change of the structure and composition of the films as a function of
the laser-beam fluence and the post-annealing heat treatment were studied. In the case of
the scanning laser-beam condition, the growth rate of the deposited PNZT films was
about 6 Å/s at the beginning of the ablation process and decreased monotonically to a
value of about 2 Å/s during the ablation with up to 104 pulses. The growth rate decreased
exponentially as a function of the applied laser pulses. The average growth rate of the
films increased linearly from 2.5 Å/s to 4.0 Å/s with increasing laser-beam fluence from
the deposition threshold value of around 0.4 J/cm2 up to 2.5 J/cm2. The spatial
distribution of the film thickness was found to obey the cosine-power law with an
exponent of p = 4.1. EDS analyses revealed that the atomic lead content Pb Zr Ti/( )+  in
amorphous as-grown PNZT films was about 4.0 after ablation with low laser-beam
fluences, but decreased rapidly with increasing laser-beam fluence and reached nearly
stoichiometric composition of the target at the laser-beam fluence of 0.7 J/cm2. Atomic
lead content of the post-annealed PNZT films varied also as a function of the annealing
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temperature, whereas the atomic zirconium content Zr Zr Ti/( )+  was found to be quite
insensitive to the annealing temperature, but it increased linearly as a function of laser-
beam fluence. Using this dependence of the zirconium content, it was possible to
control the crystal structure of the PNZT film between tetragonal and rhombohedral
phases by adjusting the laser-beam fluence on the target surface properly.

Amorphous PNZT thin films with thicknesses between 25 and 500 nm on MgO(100)
substrate were deposited from the targets with different densities between 5.1 × 103 and
7.7 × 103 kg/m3 using both local and scanning laser-beam ablation conditions. It was
found from AFM studies that the particulate-number-density (PND) value was smaller in
the films deposited with low laser-beam fluences such as 0.4 and 0.66 J/cm2. It was also
found that the PND value of all particulates in the films decreased with the increasing
density of the ablation target. A rapid formation of the laser-cone structure was found
during the first 50 laser pulses and the growth of the cones saturated after about 200
pulses and then they started to break down and melt together at higher pulse numbers.
XRD and EDS studies revealed that new oxide compounds (TiO2 and ZrO2) were formed
on the surface layer of the target during the ablation process as a result of changes in the
chemical surface composition caused by differences in the evaporation rates of the
elements. New compounds and structures cause a shielding effect which makes it possible
to form regular laser-cone structure in the case of the local ablation process. Raman
measurements together with XRD results from the ablated targets revealed that the
topmost layer of the target surface was amorphous. Although the PND values
were smaller in the PNZT films deposited with the local ablation process and higher
fluences, the growth rate of these films was also smaller and the surface morphology
poorer as compared to the films deposited with the scanning ablation process.

Electrical properties of the PNZT thin films were studied by fabricating multilayer
capacitor structures of ferroelectric films with platinum electrodes using pulsed-laser
ablation deposition and post-annealing techniques on MgO and oxidised silicon substrates.
According to the experimental results conducted from the laser ablation studies, the
optimal conditions for the thin-film deposition and heat treatment were deduced. The laser
beam fluences of 1.0 and 2.5 J/cm2 were found optimal for the deposition of the PNZT
and platinum layers, respectively. The platinum bottom layers were post annealed at 700
°C and the annealing of the PNZT thin films with thicknesses between 300 nm and 600
nm took place at 650 and 675 °C depending on the choice of the substrate.

The dielectric constant of the PNZT films on MgO substrates was found to increase
linearly from 440 to 560 with increasing film thickness. The remanent polarization was
around 18 µC/cm2 and the coercive field between 75 and 150 kV/cm. The smooth and
uniform PNZT films on silicon substrate had dielectric constants between 100 and 200
and a remanent polarization of 3 µC/cm2. However, when the tensile stress of the film
was relaxed by cracking, values of 530 and 25 µC/cm2 were measured for the dielectric
constant and the remanent polarization, respectively. In order to determine the
corresponding conduction mechanism for the leakage current, the current-voltage
characteristics was measured at several temperatures. At higher temperatures, the Poole-
Frenkel type conduction mechanism was observed with activation energies between 0.15
and 0.18 eV. The low-field resistivity of these films varied between 2.2 × 1011 and
2.9 × 1012 Ωcm.
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As an example of a practical application of ferroelectric PNZT thin films, a micro-
movement actuator of bimorph structure was realised. A silicon (100) cantilever beam of
thickness 50 µm was used as a substrate to achieve a high actuator displacement. A 60-
nm-thick oxide (SiO2) layer was grown on the substrates using a dry-oxidation method to
ensure chemical matching between the silicon and the Pt/PNZT layers. After deposition, a
10-min annealing at a temperature of 650 °C with a small temperature gradient less than
100 °C/h was found to be optimum to achieve insulating 1.2-µm PNZT films with good
morphology and composition. In the bending-mode operation, the bimorph actuators
showed a quasi-static displacement of 600 nm when driven by a triangular wave with an
amplitude of 5 V. The main mechanical resonant frequency of the bimorph structure was
found at 3 kHz.

The state of macroscopic stress in PNZT thin films due to the fabrication process was
also studied using x-ray diffraction measurements. In PNZT films deposited on MgO
substrates, compressive stresses between 226 and 352 MPa were measured. In films on
silicon substrates, tensile stresses of about 400 MPa were found. The stress in the films
decreased with increasing thickness and the leakage current also increased with increasing
film thickness. The dielectric constant was found to depend inversely on the mechanical
stress in the PNZT films. The coercive field also increased with increasing mechanical
stress. Thus, the mechanical stress, induced by different fabrication steps, was found to
have a strong effect on the dielectric properties of the PNZT thin films. Typically, in the
uniform stressed films deposited on silicon substrates, the remanent polarization was quite
modest with values below 5 µC/cm2. However, in the films on silicon substrates where
the tensile stress was relaxed due to cracking, values of the order of 25 µC/cm2 were
measured for the remanent polarization. Furthermore, the leakage current in the
Pt/PNZT/Pt-capacitor structure was found to be sensitive to the stress in the PNZT film
and decreased with increasing stress. In addition, the leakage current in these capacitor
structures increased by three orders of magnitude after cracking as compared to values
in stressed-film capacitors without cracking and the low-field resistivity was around
3.6 × 108 Ωcm. According to the results of the loss-angle measurements, a possibility
for the leakage current in these capacitors is the SCLC conduction mechanism.

Pulsed laser deposition was found to be a versatile method for the fabrication of
modified PZT thin films for different applications. It makes possible a conqruent
deposition of complex target materials like modified PZTs on different substrates with
good stoichiometry. The understanding of the structural changes on the target surface,
e.g., laser cones with new phases in their top globules, during the ablation process made
possible to optimise the process and to control the composition and structure
(particulates) of the growing amorphous film. In the case of room-temperature deposition,
post annealing of films gives still another possibility to control the composition and
crystal structure of the films. An important result from the study is the discovery of the
strong effects of substrate for the dielectric, ferroelectric and electrical conduction
properties of the PNZT thin films. The origin of the effect is in strong macroscopic
stresses, which were discovered in the films and varied strongly between the films
deposited on different substrates. Substrates and stress are usually omitted in the treatment
of electrical conductivity in PZT thin films. The obtained results here, however, show
strong effects from the stress (and substrate) for the conductivity.
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